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Abstract 
Because of the limitations imposed by traditional two-dimensional (2D) cultures, biomaterials have 
become a major focus in neural and tissue engineering to study cell behavior in vitro. 2D systems fail to 
account for interactions between cells and the surrounding environment; these cell–matrix interactions 
are important to guide cell differentiation and influence cell behavior such as adhesion and migration. 
Biomaterials provide a unique approach to help mimic the native microenvironment in vivo. In this study, a 
novel microfluidic technique is used to encapsulate adult rat hippocampal stem/progenitor cells (AHPCs) 
within alginate-based fibrous hydrogels. To our knowledge, this is the first study to encapsulate AHPCs 
within a fibrous hydrogel. Alginate-based hydrogels were cultured for 4 days in vitro and recovered to 
investigate the effects of a 3D environment on the stem cell fate. Post recovery, cells were cultured for an 
additional 24 or 72 h in vitro before fixing cells to determine if proliferation and neuronal differentiation 
were impacted after encapsulation. The results indicate that the 3D environment created within a 
hydrogel is one factor promoting AHPC proliferation and neuronal differentiation (19.1 and 13.5%, 
respectively); however, this effect is acute. By 72 h post recovery, cells had similar levels of proliferation 
and neuronal differentiation (10.3 and 8.3%, respectively) compared to the control conditions. Fibrous 
hydrogels may better mimic the natural micro-environment present in vivo and be used to encapsulate 
AHPCs, enhancing cell proliferation and selective differentiation. Understanding cell behavior within 3D 
scaffolds may lead to the development of directed therapies for central nervous system repair and 
rescue. 
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ABSTRACT: Because of the limitations imposed by traditional two-dimensional (2D)
cultures, biomaterials have become a major focus in neural and tissue engineering to
study cell behavior in vitro. 2D systems fail to account for interactions between cells and
the surrounding environment; these cell−matrix interactions are important to guide cell
differentiation and influence cell behavior such as adhesion and migration. Biomaterials
provide a unique approach to help mimic the native microenvironment in vivo. In this
study, a novel microfluidic technique is used to encapsulate adult rat hippocampal stem/
progenitor cells (AHPCs) within alginate-based fibrous hydrogels. To our knowledge,
this is the first study to encapsulate AHPCs within a fibrous hydrogel. Alginate-based
hydrogels were cultured for 4 days in vitro and recovered to investigate the effects of a
3D environment on the stem cell fate. Post recovery, cells were cultured for an
additional 24 or 72 h in vitro before fixing cells to determine if proliferation and neuronal differentiation were impacted after
encapsulation. The results indicate that the 3D environment created within a hydrogel is one factor promoting AHPC proliferation
and neuronal differentiation (19.1 and 13.5%, respectively); however, this effect is acute. By 72 h post recovery, cells had similar
levels of proliferation and neuronal differentiation (10.3 and 8.3%, respectively) compared to the control conditions. Fibrous
hydrogels may better mimic the natural micro-environment present in vivo and be used to encapsulate AHPCs, enhancing cell
proliferation and selective differentiation. Understanding cell behavior within 3D scaffolds may lead to the development of directed
therapies for central nervous system repair and rescue.
■ INTRODUCTION
Neurodegenerative diseases and injury can lead to severe
deficits in the sensory, motor, and cognitive function,
prompting researchers to investigate and develop novel
therapeutic strategies targeting these conditions. Cellular
therapies, including stem and progenitor cell transplants, may
be used as a means for aiding regeneration by (1) directing
those cells to differentiate into specific neurons or glial cells for
cell replacement or (2) to serve as a source of neurotrophic/
growth factors to enhance neuroprotection and repair.
Multipotent adult neural stem/progenitor cells (NSCs) are
an appealing source of cells to study and use in transplantation
because of their ability to differentiate into neurons, astrocytes,
and oligodendrocytes.1 Furthermore, it is important to study
these cells in a more native environment, rather than in a two-
dimensional (2D) system. Traditional 2D cultures fail to
reliably mimic the natural microenvironment present within
the tissues.2 Therefore, recent advances in tissue engineering
have largely focused on using biomaterials in combination with
cells as a means to better understand their three-dimensional
(3D) microenvironment present in vivo.
Encapsulating cells during scaffold formation provides a
structural support similar to that of the tissue microenviron-
ment.3 Scaffolds such as hydrogels are ideal for cell
encapsulation because they provide a 3D framework in
which the mechanical properties can be tailored to specific
tissue constructs. Hydrogels are cross-linked networks of
polymers that swell when hydrated, providing an environment
that mimics a more native tissue structure ideal for cell
growth.4 Polymerization processes employing natural and
synthetic hydrogels have been used to encapsulate cells.5
One such natural polymer is alginate, a Food and Drug
Administration (FDA)-approved and biocompatible polymer
that is found in brown algae and some bacteria.6,7 Alginate can
be gelled by ionic cross-linking, a cell-safe method which
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utilizes divalent cations to form ionic bridges, thus yielding a
3D network of a characteristic “egg-box” organization.8,9 The
rapid ionic interaction allows for high-speed gelation, thus
allowing for more controllable and tunable mechanical and
degradation properties.10−12 Because of its tissue-like mechan-
ical properties, it has been used in multiple areas of
regenerative medicine including cartilage and bone repair,
making it a versatile polymer for investigating tissue engineer-
ing13,14 but also shows promise in neural applications. NSCs
encapsulated within alginate beads proliferate and retain their
metabolic functions, and recovered cells retain their ability to
differentiate.15,16 Additionally, because alginate is FDA-
approved, several pharmaceutical products use it as a base
for drug delivery17 and wound dressing.18
To facilitate cell survival, cell encapsulation methods must
be biocompatible and minimize the use of harsh conditions for
polymerization. One approach is using a microfluidic platform,
which is well-suited for a number of biomedical applications as
well as gelation or polymerization via cross-linking of a core
and sheath fluid.11,19−22 Previous studies have used micro-
fluidics to encapsulate cells within microparticles, micro-
spheres, and microgels.23−26 In addition to these applications,
the microfluidic technique is capable of forming continuous
fibers. The ability to adjust parameters such as concentrations
of sheath and core fluids as well as flow rates provides more
flexibility during the fabrication27 and encapsulation process;
however, it is important to match the viscosities of the core
and sheath solution to minimize shear force at the fluid/fluid
interface.28 Furthermore, optimization is needed to ensure that
the concentration of CaCl2·2H2O within the sheath fluid was
high enough to fully solidify the microfiber within the
microfluidic device but not too high as to cause clogging
within the channel. Flow rate ratios (FRRs) must also be
optimized; if the fluids flow too quickly through the
microfluidic device, time within the device will be insufficient
to fully solidify the fiber, which will then solidify on contact
with the coagulation bath, as in the extrusion method of fiber
fabrication.11 Similarly, flow rates that are too slow will cause
clogging within the channel.
Because microfluidic fiber fabrication is cell-safe, it is
possible to incorporate cells within the fiber construct either
before or after fabrication.12,29 Fibers are ideal for aiding in cell
alignment and elongation during regeneration.30 Aligned
fibrous scaffolds also influence cellular morphological changes
for cells, thus making them a platform for cell differ-
entiation.31,32 Furthermore, the native extracellular matrix
(ECM) is a complex network that provides a physical structure
for cell−cell interactions during tissue formation and
maintenance.33 In order to mimic the ECM in vitro, studies
have utilized fibrous scaffolds to aid in cell−cell interactions
and cell differentiation.2,34,35 Although unmodified alginate
hydrogels do not contain the necessary ligands and active sites
to support cell−substrate interactions, their biocompatibility
and favorable mechanical properties have made them a popular
choice for 3D cell culturing.12,16,25,36−39 However, inclusion of
ECM agents such as collagen or peptides such as arginine−
glycine−aspartic acid (RGD) can help cell adhesion and
proliferation.7,40 Furthermore, mesenchymal stem cells,41,42
pluripotent stem cells,15,43 and embryonic stem cells44 have
been encapsulated within the alginate, showing the broad uses
of alginate in biomedical applications, and the present study
consists of two major goals: the first aim is to utilize a
microfluidic technique to encapsulate adult hippocampal
progenitor cells (AHPCs) within alginate hydrogels. Fibrous
scaffolds are an area of interest in tissue engineering and
regenerative medicine because they can mimic the native
ECM, an important regulator of cell migration, cell fate
determination, and dynamic behavior such as adhesion and
proliferation.45,46 Furthermore, fibrous scaffoldings can provide
support for cell growth in specific geometries, providing
control over their orientations and locations.35 Second, to
better understand the effects of the 3D environment created
using the hydrogels, cells were recovered after encapsulation
using a phosphate buffered saline (PBS) to investigate changes
in proliferation and differentiation of the AHPCs post
encapsulation. It is important to ensure that viable cells can
be recovered, therefore cells were evaluated post encapsulation.
Here, we report the ability to encapsulate AHPCs within
microfluidic-spun fibrous scaffolds. In a previous study,
astrocytes have been encapsulated within alginate hydrogels
using the same technique with similar parameters, and a live/
dead assay showed that 89% of cells survived 24 h post
encapsulation. This study also provided a detailed examination
of the mechanical and physical properties of the microfibers.12
The current study focuses on the use of neural stem cells and
the impact hydrogels may have on cell biology. The
encapsulation procedures impacted proliferation and neuronal
differentiation of cells. Cell-encapsulated microfibers were
cultured for 4 days in vitro ((DIV) although may be cultured
for longer periods of time) prior to recovery in order to
provide sufficient time to grow and proliferate within a 3D
hydrogel. Our results demonstrate that recovered AHPCs had
increased proliferation and neuronal differentiation after 24 h
of recovery; however, by 72 h post recovery, there was no
significant difference in cell proliferation or neuronal differ-
entiation compared with control cells. Encapsulation of
AHPCs within microfluidic-spun hydrogels can be used to
direct cell differentiation and improve upon current trans-
plantation strategies for nervous system rescue and repair.
■ EXPERIMENTAL SECTION
Preparation of Microfluidic Devices and Channels.
The microfluidic mold used for this study was created on a
silicon wafer using soft photolithography, as previously
described.12,20,47,48 The microchannel has dimensions of 130
μm × 390 μm (height × width), and the microfluidic device
features four chevrons, each 130 μm × 100 μm (height ×
width) and spaced 200 μm apart, which help in hydrodynami-
cally focusing the core fluid while ensuring that the sheath
solution can fully surround and solidify it. The length of the
coagulation chamber was 8 mm.
Briefly, to create the microfluidic device, polydimethylsilox-
ane (PDMS, Dow Corning Corporation, Midland, MI) was
mixed in a 1:10 ratio of the elastomer curing agent to
elastomer base and was poured onto the molds. After allowing
time for degassing, the two-halves were hardened at 80 °C for
25 min. Layers were added via plasma cleaning on medium
strength for 20 s for added thickness. The two halves were
prepared using the same plasma cleaning process and then
were aligned visually using a dissecting microscope. Micro-
fluidic channels were generated using PDMS (IDEX Health
and Science polymer tubing, 1.02 mm ID × 2.16 mm OD,
Dow Corning Silastic), and Devcon Home 1:1 Epoxy. Devices
were sterilized using 70% ethanol and a minimum of 5 h of
exposure to ultraviolet light within a biological fume hood.
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Finally, devices were sterilized via autoclaving before beginning
encapsulation.
Preparation of Solutions. The pre-gel solution was made
by dissolving 6% (g/mL) alginate (alginic acid sodium salt,
very low viscosity, Alfa Aesar, Haverhill, MA) in Corning
Cellgro Sterile WFI-Quality water at room temperature
overnight. Before use, pre-gel solutions were filter-sterilized
using syringe filters under pressure in the following sequence: 3
μm pore size, 0.45 μm pore size, and sterile 0.22 μm pore size.
Half of the prepared solution was stored at room temperature,
while the other half was placed in the freezer for storage and
later use. For the sheath fluid, a 0.5% CaCl2·2H2O 5% (calcium
chloride dihydrate, C79, Fisher Scientific, Hampton, NH), 5%
PEG (poly(ethylene glycol), Mn = 20,000, Sigma-Aldrich, St.
Louis, MO) solution was created within deionized water and
sterile-filtered with a 0.22 μm pore size syringe filter.
Cell Culture. AHPCs were generously gifted by Dr. F. Gage
(Salk Institute for Biological Sciences, La Jolla, CA). The
AHPCs were isolated from Fischer 344 rats and were infected
with a retrovirus to induce the expression of green fluorescent
protein (GFP).49 Previous studies from our laboratory have
characterized the progenitor state of the AHPCs at various
time points.34,50
The AHPCs were cultured in poly-L-ornithine (POL; 10 μg/
mL; Sigma-Aldrich, St. Louis, MO) and laminin (10 μg/mL;
R&D Systems, Minneapolis, MN) coated T-75 tissue culture
flasks in maintenance media (MM) composed of Dulbecco’s
modified Eagle’s medium/Ham’s F-12 (DMEM/F-12, 1:1;
Omega Scientific, Tarzana, CA) supplemented with 2.5 mM L-
glutamine (GlutaMAX; Thermo Fisher Scientific, Waltham,
MA), N2 supplement (Gibco BRL, Gaithersburg, MD), and 20
ng/mL basic fibroblast growth factor (bFGF; Promega
Corporation, Madison, WI). Cells were maintained at 37 °C
in 5% CO2/95% humidified air atmosphere. Half of the volume
of cultured media was replaced with fresh MM every two days.
To collect cells for encapsulation, they were detached using
0.05% trypsin−EDTA (Gibco BRL). Cell suspensions were
collected and centrifuged at 280 rcf for 5 min and then
resuspended in fresh MM.
Cell Encapsulation. The 6% alginate solutions were mixed
in a 1:3 ratio with cell suspension (average of 7500 cells/μL)
within MM. The resulting mixture was placed into a 1 mL BD
syringe and introduced with a constant flow into the core
channel of the microfluidic device. Similarly, the sheath
solution was pumped into the two side channels to help
guide and solidify the core solution. A FRR of 250:10 (μL/
min:μL/min) sheath/core rate was used to fabricate all fibers.
Upon exiting the microfluidic device, fibers were introduced
into a 5% CaCl2·2H2O collection bath and to further solidify
resulting fibers. Fibers were gathered around pipette tips and
were rinsed in PBS before releasing them within MM;
approximately, 50−100 mm3 of fibers were placed within
each well. Hydrogels were cultured for 4 days in MM at 37 °C
in 5% CO2/95% humidified air atmosphere.
To compare cells growing within hydrogels, two control
conditions were also established in parallel: (1) cells were
collected prior to addition of the alginate solution and (2) cells
were subjected to the same alginate solution used to fabricate
all fibers but without the polymerization step. Cells from these
controls were collected and cultured on glass coverslips coated
with poly-L-ornithine (10 μg/mL) and purified mouse laminin
(5 μg/mL) (POL) diluted in Earle’s Balanced Salt Solution
((EBSS) Gibco BRL). Cells grown in hydrogels and control
conditions were cultured for 4 DIV.
Cell Recovery. After 4 DIV, fibers were collected from
wells and centrifuged at 280 rcf for 5 min. The supernatant was
discarded and the pellet was resuspended with 5 mL of sterile-
filtered 0.1 M PO4 buffer (pH 7) for 20 min to depolymerize
hydrogels. After 20 min, the fibers within the phosphate buffer
were slowly triturated with a P100 pipette to help break down
and dissociate the alginate microfibers and release cells. To
further dissociate cells from alginate fibers, a P200 was used as
well. The solution was centrifuged at 280 rcf for 5 min. The
supernatant was discarded and the pellet was resuspended with
fresh MM. The cells cultured under the control conditions
were collected from the POL coverslips using 0.05% trypsin−
EDTA in order to detach cells. After the cells detached, the
cells were collected and placed in a conical tube with 5 mL of
sterile-filtered 0.1 M PO4 buffer for 20 min, the same
conditions as the cells encapsulated within the alginate fibers.
Cells were centrifuged at 280 rcf for 5 min and the supernatant
removed and the pellet resuspended in fresh MM. A Trypan
blue (Gibco BRL) viable cell count was performed on the cell
samples collected from the hydrogels and the two control
conditions and the cells seeded onto POL-coated glass
coverslips (12,000 cells/coverslip) from each condition. Cells
from all conditions (recovered encapsulated cells, cells exposed
to alginate solution and cells grown in MM) were collected
using the same trituration and the 20 min incubation in 0.1
PO4 buffer. This was done in order to account for any
differences that may have been caused by mechanical
manipulation during the collection. All cells were cultured at
37 °C in 5% CO2/95% humidified air atmosphere for either 24
or 72 h after recovery.
Immunocytochemistry. After 24 or 72 h after recovery,
the cultured cells were rinsed twice with 0.1 M PO4 buffer,
fixed with 4% paraformaldehyde (Fisher Scientific) in 0.1 M
PO4 buffer for 20 min and then rinsed with PBS (Invitrogen,
Carlsbad, CA) 3 times for 7 min each. Samples were incubated
in blocking solution composed of 0.2% Triton X-100 (Thermo
Fisher Scientific), 2.5% normal donkey serum (Jackson
ImmunoResearch), 2.5% normal goat serum (Jackson
ImmunoResearch), and 0.4% bovine serum albumin (Sigma-
Aldrich) in PBS at room temperature for 1 h. Primary
antibodies rabbit α Ki-67 (16667, Abcam), mouse α TuJ1
(MAB1195, R&D Systems), or mouse α GFAP (MAB360,
Millipore) were diluted in blocking solution and samples were
incubated overnight at 4 °C. The next day, samples were rinsed
4 times for 8 min each with PBS and secondary antibodies
(donkey anti-rabbit Cy3 or donkey anti-mouse Cy3 (1:500;
Jackson ImmunoResearch) and 4′,6-diamidino-2-phenylindole
(DAPI) nuclear stain (1:50; Invitrogen) were diluted in
blocking solution and incubated at room temperature for 90
min. After incubation, samples were rinsed four times for 8 min
each in PBS. Samples were mounted onto glass slides using
Vectashield with DAPI (Vector Laboratories; Burlingame,
CA). Samples were stored at 4 °C in the dark until imaging.
Imaging. Immunocytochemistry samples were imaged
using a Nikon Microphot FXA (Nikon Corp., Melville, NY,
USA) microscope equipped with standard epifluorescence
illumination and a Q imaging Retiga 2000R (Q Imaging,
Burnaby, BC, Canada) digital camera. A 20× objective was
used to obtain images for quantitative data analysis. For the
analysis, five microscopic fields were imaged per condition per
sample, each field representing 0.24 mm2. A total of six
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independent experiments were conducted, with a total of 30
images quantified per antibody, per condition. A Zeiss
LSM700 Confocal (Oberkochen, Germany) microscope
equipped with an AxioCam MRc5 was used to image samples
for high-resolution images with a 20× objective.
Quantitative Data Analysis. After immunocytochemical
experiments and imaging, quantitative analysis was conducted
using the Fiji software.51 From each replicate, five imaging
fields were chosen per sample for each primary antibody for a
total of 30 imaging fields quantified. The following counts were
made in each field to determine the percentage of
immunolabeled cells for each respective antibody: total
number of immunolabeled cells divided by the total number
of cells (DAPI-stained nuclei). GraphPad Prism v6 software
(GraphPad Software, Inc., La Jolla, CA, USA) was used for
statistical analysis. An ordinary one-way ANOVA with multiple
comparisons was used to compare the means across the
conditions per antibody. A p-value of ≤0.05 was considered
significant. Error bars represent the standard error of the mean.
■ RESULTS
Increase in Proliferation after Cell Recovery from
Alginate Fibrous Hydrogels. AHPCs were mixed in a 1:3
ratio with MM and introduced into a core channel of a
microfluidic channel in order to encapsulate cells. Alginate
fibers produced under similar conditions with an FRR of
125:10 (μL/min:μL/min) had dry diameters of approximately
8 μm; therefore, fibers generated with an FRR of 250:10 (μL/
min:μL/min) will have smaller diameters because of the larger
sheath fluid flow rate, which provides higher amounts of shear
force on the core fluid.12 Fibers fabricated within microfluidic
devices are continuously generated (Figure 1A) and therefore
do not have a maximum length.35,52 AHPCs cultured in 2D
environments not exposed to the encapsulation process are
shown in Figure 1B1−B3. Figure 1C1,D1 shows phase contrast
and fluorescent images at low and high magnifications of green
fluorescent expressing (GFP)-AHPCs encapsulated within
alginate hydrogels at 4 DIV. To assess changes in proliferation
and differentiation, AHPCs were recovered from hydrogels
using PBS which dissociates the hydrogel. Cells, including
control condition cells, were collected and plated on POL-
coated glass coverslips and cultured for an additional 24 or 72
h. After recovery, cells were monitored for normal growth in
vitro, and it was evident that the cells continued to proliferate
post recovery from 24 to 72 h and have short processes
characteristic of the AHPCs in vitro (Figure 1C2−C4,D2−D4).
These results demonstrate successful recovery of viable cells
after encapsulation within alginate hydrogels.
To determine if encapsulation within alginate fibers affects
AHPC proliferation, immunocytochemistry experiments were
conducted after recovery to detect the Ki-67 antigen, a nuclear
protein present during G1, S, G2, and M phases of the cell
cycle.53 Our results demonstrate that 24 h after cell recovery,
significantly more AHPCs were proliferating compared to
control conditions (Figure 2). Furthermore, when comparing
the two control conditions, there were no significant
differences demonstrating that the increase in proliferation of
the recovered AHPCs may be attributed to the 3D
environment provided by the hydrogels and not because of
the alginate solution itself (Figure 2A1−A2,B1−B2,C1−C2). The
percentage of Ki-67 immunolabeled AHPCs was 6.1% ± 1.3,
11.9% ± 3.7, and 19.1% ± 4.5 (control cells in MM, alginate
Figure 1. AHPCs encapsulated within fibrous hydrogels and recovered after 4 DIV. Proliferation of AHPCs post cell recovery in vitro indicate that
cells survive following encapsulation within alginate hydrogels. (A) Schematic illustration of the microfluidic device. (B1−B3) AHPCs cultured in a
standard 2D environment at 24, 48 and 72 h, respectively, in vitro. (C1,D1) GFP expressing AHPCs encapsulated within alginate hydrogels. (C2−
C4) AHPCs recovered from hydrogels at 24, 48, and 72 h post recovery imaged using a 10x objective (top row). (D2−D4) AHPCs recovered from
hydrogels at 24, 48, and 72 h post recovery imaged with 20× objective (bottom row). Scale bars = 50 μm.
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solution control and recovered AHPCs), respectively (Figure
2D1,D2). When assessing proliferation after 72 h post recovery,
no significant differences were found between all conditions.
Taken together, these results may indicate that the increase in
the number of AHPCs proliferating following recovery from
the hydrogels may be due to the 3D fibrous environment of the
hydrogel, not the alginate solution itself, and the alginate
hydrogels may provide specific cues promoting cell prolifer-
ation.
Recovered AHPCs Have Increased Neuronal Differ-
entiation. A number of studies have demonstrated that 3D
scaffolds can be used to influence and direct cell differentiation
without chemical inducers.34,35,38,54 The multipotent AHPCs
have the ability to differentiate into neurons, astrocytes, and
oligodendrocytes in vitro55 Neuronal differentiation of the
AHPCs was characterized using the TuJ1 (class III β-tubulin)
antibody, a marker for developing neurons.56,57 Although some
AHPCs in all conditions were immunopositive for TuJ1, there
was an increase in TuJ1 immunoreactivity for cells after 24 h
post recovery from the hydrogels (Figure 3A1−C1). The
percentage of TuJ1-immunolabeled AHPCs 24 h post recovery
was 5.9% ± 1.7, 5.9% ± 0.6, and 13.5% ± 2.2 compared to
6.3% ± 1, 7.3% ± 1.2, and 8.3% ± 1.9 following 72 h post
recovery (control cells in MM, alginate control and recovered
AHPCs, respectively (Figure 3D1,D2). No significant differ-
ences were found after 72 h post recovery (Figure 3A2−C2).
Results suggest that the 3D environment is providing unique
Figure 2. Proliferation of AHPCs following recovery after 4 days of
encapsulation. Fluorescence images of AHPCs illustrating immunor-
eactivity for Ki-67 24 h after recovery (A1−C1) and 72 h after
recovery (A2−C2): Ki-67-Cy3 (red) with DAPI staining (blue).
AHPCs cultured in MM (A1,A2), alginate control (B1,B2), and
recovered from hydrogels (C1,C2). Asterisks indicate the location of
higher magnification inset images. Higher magnification images are of
the Ki-67-Cy3 channel only. Scale bar = 50 μm (20 μm for insets).
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole. (D1,D2), Quan-
titative analysis of AHPCs immunoreactive for the Ki-67 antibody.
Error bars represent the standard error of the mean. N = 6
independent experiments, 5 imaging fields per experiment. *Sig-
nificantly different at p ≤ 0.05.
Figure 3. Neuronal differentiation of recovered AHPCs after 4 days of
encapsulation. Fluorescence images of AHPCs illustrating immunor-
eactivity for TuJ1 24 h after recovery (A1−C1) and 72 h after recovery
(A2−C2): TuJ1-Cy3 (red) with DAPI staining (blue). AHPCs
cultured in MM (A1,A2), alginate control (B1,B2), and recovered
from hydrogels (C1,C2). Asterisks indicate the location of higher
magnification inset images. Higher magnification images are of the
TuJ1-Cy3 channel only. Scale bar = 50 μm (20 μm for insets).
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole. (D1,D2), Quan-
titative analysis of AHPCs immunoreactive for the TuJ1 antibody.
Error bars represent standard error of the mean. N = 6 independent
experiments, 5 imaging fields per experiment. *Significantly different
at p ≤ 0.05.
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cues for cells to differentiate and this response is acute rather
than long-term.
Lastly, to determine if alginate hydrogels affect glial
differentiation of AHPCs, glial fibrillary acidic protein
(GFAP) was used to determine if astrocytes were present
after recovery (Figure 4A−C). While a small percentage of
cells from all conditions (control cells in MM, alginate control,
and recovered AHPCs) was positive for GFAP immunolabel-
ing, indicating glial differentiation is supported, no statistically
significant differences between conditions were detected [(p ≤
0.05) (Figure 4D1,D2)]. These results support previous studies
in which AHPCs in MM have less than 2% of cells
differentiating into GFAP immunopositive cells, even after 6
DIV.50
Together, these results demonstrate that encapsulation of
AHPCs within fibrous hydrogels influences proliferation and
differentiation. A 3D environment created using the hydrogel
influenced cell proliferation and differentiation in vitro and thus
can be used to guide cell differentiation.
■ DISCUSSION
Using the microfluidic technique, we have successfully
encapsulated AHPCs within alginate-based fibrous hydrogels
and cultured them for 4 DIV. Although no observable
degradation occurred over the course of this experiment,
alginate is known to degrade in physiological conditions.8 Our
results demonstrate that recovered AHPCs had an increase
percentage of proliferating cells as well as immature neurons
compared to cells cultured in control conditions, which may be
attributed to the 3D environment provided by the hydrogels.
Interestingly, this effect was short-term and only seen at 24 h;
by 72 h, the percentage of cells positive for Ki-67 or TuJ1 was
comparable to control conditions. Overall, our results
demonstrate that the 3D environment enhanced AHPC
proliferation and neuronal differentiation after encapsulation
within hydrogels.
To encapsulate AHPCs within alginate-based fibrous
hydrogels, a microfluidic platform was used because this
technique is biocompatible compared to other techniques such
as electrospinning, which requires high voltage and harsh
methods to achieve polymerization.58 To the best of our
knowledge, there has been no report of successful
encapsulation of AHPCs using the electrospinning method.
However, there have been various reports of using the
microfluidic technique for forming fibers.59−61 Therefore, a
microfluidic approach is ideal for cell encapsulation, which can
lead to development of biomaterial-based therapeutic strat-
egies.
Neural stem cells have previously been encapsulated within
alginate-based hydrogels in order to study cell behavior in vitro
and in vivo62,63 Banerjee and colleagues found that hydrogel
modulus influences stem cell differentiation; particularly,
hydrogels with elastic moduli similar to the brain tissue
promoted encapsulated cells toward a neuronal lineage.
However, this study only examined NSCs once encapsulated
but not after recovery from the hydrogels.38 Another study
recovered viable NSCs that were encapsulated in calcium
alginate beads; however, no changes in proliferation or
differentiation were assessed.64 Our group attempted immu-
nocytochemistry experiments on cells encapsulated within
hydrogels, however, because of the high background
autofluorescence of the hydrogels, it was difficult to conduct
quantitative analyses. Furthermore, adult neural stem cells are
known to proliferate and differentiate into oligodendrocytes,
astrocytes, and neurons in vitro when the growth factor is
withdrawn. Because these specific cells do not need to be
induced to differentiate via chemicals, we were interested to
study the spontaneous differentiation of adult stem cells in
vitro. Therefore, we provide a quantitative analysis of recovered
AHPCs from alginate hydrogels in order to better understand
how the 3D environment influenced cell proliferation and
differentiation in vitro.
In addition to the previous literature, our interest focused on
fabricating fibrous scaffolds for cell encapsulation using a
microfluidic technique. Few studies have investigated cell
encapsulation within alginate-based fibrous hydrogels fabri-
cated using a microfluidic approach.65,66 However, there has
Figure 4. Glial differentiation of recovered AHPCs after 4 days of
encapsulation. Fluorescence images of AHPCs illustrating immunor-
eactivity for GFAP 24 h after recovery (A1−C1) and 72 h after
recovery (A2−C2): GFAP-Cy3 (red) with DAPI staining (blue).
AHPCs cultured in MM (A1,A2), alginate control (B1,B2), and
recovered from hydrogels (C1,C2). Asterisks indicate the location of
the higher magnification inset images. Higher magnification images
are of the GFAP-Cy3 channel only. Scale bar = 50 μm (20 μm for
insets). Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole.
(D1,D2), Quantitative analysis of AHPCs immunoreactive for the
GFAP antibody. Error bars represent the standard error of the mean.
N = 6 independent experiments, 5 imaging fields per experiment.
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been no report of encapsulation and recovery of AHPCs from
alginate fibrous hydrogels. The microfluidic platform can be
versatile when fabricating fibers, which can be used to better
mimic the microenvironment of the native tissue. Fibers can be
clinically relevant for guiding axon regrowth and guidance for
spinal cord and peripheral nerve injuries,67 as well as scaffolds
to guide cell differentiation.35 As used in our study, hydrogels
are fibrous networks in which cells can grow and differentiate
within, thus guiding cell differentiation.
One of the key influencers of cell migration and cell fate
determination is the microenvironment created by the
ECM.68,69 The ECM is a complex network of fibrous proteins
(such as fibronectin, laminin, and collagen) and carbohydrates
that is crucial for providing mechanical cues that aid in cell
adhesion and signaling in vivo, making it difficult to mimic in
vitro.2 Traditional 2D models face challenges in mimicking the
native tissue present in the brain because of the lack of
complex cell to ECM interactions. However, biomaterials such
as hydrogels can serve as a platform to mimic the ECM present
in vivo. Integrins on the cells’ surface sense the mechanical
properties within the ECM70 and are important in cell
adhesion and differentiation of NSCs. Integrin receptors are
highly expressed in mammalian NSCs and involved in
adhesion along with cell fate determination.71 Integrins
expressed in AHPCs play a crucial role in morphological
differentiation.72 Our results demonstrate that AHPCs that
were encapsulated, recovered, and immunostained had
increased proliferation and neuronal differentiation, indicating
there may be a connection to signaling pathways utilizing
integrin-mediated focal adhesions in this study. Particularly,
cells encapsulated were within an environment in which cell−
cell interactions may have been greater, thus leading to more
proliferation at 24 h post recovery than 72 h, as demonstrated
in our study. Although our 2D control did not entail AHPCs
cultured on alginate surfaces, we were able to show that
alginate does not influence the differentiation of cells using our
control conditions. For our control conditions, AHPCs not
encapsulated were exposed to alginate within culture as well as
a control population of cells that were not exposed to
encapsulation or alginate. We believe this is a sufficient control
as we are hypothesizing that a 3D environment influences the
differentiation of neural stem cells in vitro. Future studies may
investigate the effect of encapsulating AHPCs within various
alginate percentages and performing gene expression analyses
that can help guide differentiation toward specific lineages.
Taken together, multiple studies have utilized materials,
topographies, and mechanical properties to investigate ways to
control cell proliferation and differentiation as well as gain a
better understanding of how cells rely on the microenviron-
ment for fate determination.73−75 Our study focuses on the fate
of cells post recovery as this is important in therapeutic
strategies. Cell delivery via hydrogels is a promising approach
for regenerative medicine and therefore must be studied in
depth. Moreover, the ability to control stem cell proliferation
and differentiation without chemical inducers is clinically
relevant in neural tissue engineering.
■ CONCLUSIONS
A microfluidic platform was used to encapsulate AHPCs within
an alginate-based hydrogel. Our results show that hydrogels
promote cell proliferation in vitro and support neuronal and
glial differentiation. Hydrogels can be used to develop rationale
strategies for cell transplantation because of their ability to
mimic the native microenvironment and direct cell differ-
entiation. Hydrogels in combination with cell encapsulation
and transplantation approaches can be used for multiple
biomedical engineering applications including cellular thera-
pies and drug- and gene-delivery strategies.
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